Driver sleepiness is a significant road safety problem. Sleep-related crashes occur on both urban and rural roads, yet to date driver-sleepiness research has focused on understanding impairment in rural and motorway driving. The ability to detect changes is an attention and awareness skill vital for everyday safe driving. Previous research has demonstrated that person states, such as age or motivation, influence susceptibility to change blindness (i.e., failure or delay in detecting changes). The current work considers whether sleepiness increases the likelihood of change blindness within urban and rural driving contexts. Twenty fully-licenced drivers completed a change detection 'flicker' task twice in a counterbalanced design: once following a normal night of sleep (7-8h) and once following sleep restriction (5h). Change detection accuracy and response time were recorded while eye movements were continuously tracked. Accuracy was not significantly affected by sleep loss; however, following sleep loss there was some evidence of slowed change detection responses to urban images, but faster responses for rural images. Visual scanning across the images remained consistent between sleep conditions, resulting in no difference in the probability of fixating on the change target. Overall, theresults suggest that sleep loss has minimal impact on change detection accuracy and visual scanning for changes in driving scenes.
Introduction
Driver sleepiness remains one of the leading contributors to road crashes, implicated in approximately 15-30% of all crashes (Åkerstedt, 2000; Connor et al., 2002; Horne & Reyner, 1995) . Sleep-related crashes are particularly prevalent on high speed motorways and rural roads, where they are often high speed, serious injury, single vehicle, run-off-road events (Connor et al., 2002; Filtness, Armstrong, Watson, & Smith, 2017; Philip et al., 2014) .
Traditionally driver sleepiness research has focused on these environments (e.g. Anderson & Horne, 2013; Anund, Kecklund, Vadeby, Hjälmdahl, & Åkerstedt, 2008; Filtness, Reyner, & Horne, 2012) . However, sleep-related crashes are not confined to high speed roads: a recent study found that 41% of all police-reported sleep-related crashes occurred on low speed (≤50km/h) roads . Drivers also self-report having sleepiness-related driving incidents on low speed urban roads (Armstrong, Filtness, Watling, Barraclough, & Haworth, 2013) . Urban roads present unique challenges in that they include a greater variety of road users (i.e., pedestrians, cyclists, motorised road users), have higher visual complexity, and the environment changes more frequently compared with rural areas.
Understanding how sleep loss impairs driving ability in such complex situations, as well as lower complexity rural situations, is a first step to developing appropriate countermeasures to reduce crash risk.
One area that has received relatively little attention to date is the effect that sleepiness has on complex visual attention tasks such as change detection. The ability to detect changes is crucial for safe driving, and is positively correlated with safe decision making (Caird, Edwards, Creaser & Horrey, 2005) . Observers often fail to detect changes to visual scene, howerver, which is a psychological phenomenon known as change blindness (Rensink, O'Regan, & Clark, 1997) . This has implications for safe driving, especially the need to notice changes to the driving environment in order to respond appropriately. Change blindness in drivers has been observed using both static images of driving scenes (Beanland, Filtness, & Jeans, 2017; Velichkovsky, Dornhoefer, Kopf, Helmert, & Joos, 2002) and driving simulator paradigms (Charlton & Starkey, 2013; Martens & Fox, 2007) . It is difficult to quantify the extent of crashes involving change blindness, or the failure to detect changes, but recent research suggests that the failure to detect vehicles or hazards, due to factors including change blindness, is a contributing factor in up to 10% of serious injury crashes (Beanland, Fitzharris, Young, & Lenné, 2013 ).
Change blindness
The exact mechanism which underpins the identification of changes (and conversely the failure to achieve this which results in change blindness) is currently unknown. However, the ability to detect a change can be enhanced by both bottom-up mechanisms (e.g. external factors) or top-down mechanisms (e.g. internal person factors) and interactions between the two. External stimulus-related factors can include saliency and relevance of the change target. For example, changes to salient objects are detected faster (Theeuwes, 1994) , and drivers are faster at detecting changes to task-relevant objects, such as road signs, compared with task-irrelevant changes such as to nearby buildings or walls (Galpin, Underwood, & Crundall, 2009 ). The relevance of objects can also be influenced by instructions given to participants. Change detection is improved if participants are instructed to view the scene in a manner relevant to the changes being made. For example, instructing participants to make driving-related decisions about road images (e.g. is it safe to proceed across an intersection?) improves detection of vehicle change targets (Koustanaï, Van Elslande, & Bastien, 2012) . External factors may also interact, for example increasing the safety relevance of a change has a greater influence on accuracy and speed of change detection in visually cluttered urban driving scenes compared with rural driving scenes (Beanland et al., 2017) . Internal person factors include: motivation, as observers who are motivated by money are more accurate at detecting changes (Sänger & Wascher, 2011); and, age, as older adults are more susceptible to change blindness (Rizzo et al., 2009) . Internal and external factors may also interact, for example, personal relevance (person factor) to the type of stimuli (external factor) improves change detection for that specific object.
Insomnia patients are more likely to notice changes to sleep-related objects than non-sleeprelated objects in visual scenes (Marchetti, Biello, Broomfield, Macmahon, & Espie, 2006) , and experienced football players are more likely than novices to notice changes that are meaningful to game play (Werner & Thies, 2000) .
To be successful at change detection requires comparison of an image to a subsequent image, meaning the object of change must be tracked across the images. This is particularly relevant to driving as road environments are dynamic. In the real world many changes are accompanied by motion. Often it is noticing the motion itself which alerts the observer to the change occurring and directs attentional resources to track the object of interest (Rensink et al., 1997) . However, change blindness is more likely to occur if there is a disruption to the visual scene; for example, if the object is obscured by something in the environment (such as the A-pillar of a car) or due to blinks or eye movements. Change blindness paradigms intentionally create visual interruptions to reproduce these situations (Velichkovsky et al., 2002) . A common approach is the flicker paradigm (Rensink et al., 1997) where two images interspersed with a blank screen are repeatedly shown to an observer.
Sleep loss and change blindness
There has been almost no research examining the relationship between sleep and change blindness. However, sleep research does have an established history with the study of vigilance. Sustained vigilance is widely accepted to be one of the most sensitive mechanisms with which to study sleep-related impairment. The most commonly used tool is the psychomotor vigilance task (PVT). In this simple task participants must respond as quickly as possible to a visual stimulus (usually a digital timer counting up in milliseconds) presented at random intervals. PVT performance is sensitive to both time of day circadian variation (Cajochen, Khalsa, Wyatt, Czeisler, & Dijk, 1999; Graw, Kräuchi, Knoblauch, Wirz-Justice, & Cajochen, 2004; Van Dongen & Dinges, 2000) and sleep loss (Anderson, Wales, & Horne, 2010; Dinges et al., 1997; Van Dongen, Maislin, Mullington, & Dinges, 2003) .
When examining the detrimental effects of sleep loss on PVT performance, the most sensitive outcome measures are those which relate to the increase in the extremity of outliers: lapses (responses >500ms), response time (RT) variability, and the slowest 10% of RTs (Basner & Dinges, 2011) . It is important to focus the RT analysis of any sleep loss investigation on the most poorly performed trials of a test battery because sleepy participants are susceptible to intermittent failures (or lapses) of performance, which can result from microsleeps (Dinges & Kribbs, 1991) . However, it has been demonstrated that not all PVT lapses result from microsleeps (eyes closed); some occur when the observer is distracted and has diverted their gaze, or when the observer has their eyes open and is looking at the task (Anderson et al., 2010) . In particular, 95% of shorter duration lapses (500-549ms) are likely to occur with eyes open (Anderson et al., 2010) . It is possible that such "eyes open" lapses may also instate occurrences of change blindness, although there are key differences between the PVT and change blindness paradigms. PVT stimuli are always presented in the same spatial location, whereas change blindness paradigms (as in real driving) have spatial uncertainty. Spatial uncertainty in terms of the target object placement relative to the placement of a previous target and in relation to other irrelevant objects is known to influence performance during vigilance tasks (Helton, Weil, Middlemiss, & Sawers, 2010; Mouloua & Parasuraman, 1995) . Consequently, eyes open lapses of sleepy observers during change blindness paradigms may result in greater impairment than the equivalent for PVT.
In addition to sustained vigilance decrements, several other research findings suggest that sleep loss may increase susceptibility to change blindness. Sleep loss increases double vision (Clark & Warren, 1939) and exorphia, or divergence of the eyes outward (Horne, 1975) but decreases oculomotor function (De Gennaro, Ferrara, Urbani, & Bertini, 2000; Fransson et al., 2008) which it turn impairs visual search performance (De Gennaro, Ferrara, Curcio, & Bertini, 2001 ). Additionally, sleep-deprived observers are no longer able to employ optimal search strategies; instead a more exploratory approach is taken to environment searching (Glass et al., 2011) . Furthermore, it has been demonstrated that both accuracy and RT for detecting threats in a simulated luggage search task is impaired following sleep loss (Basner et al., 2008) . In the context of driving, these findings suggest that sleepy drivers may fail to focus their attention on the areas where safety-critical changes are most likely to occur. However, there is currently a lack of research investigating the visual scanning behaviour of sleepy drivers therefore it is unclear if sleep loss may result in an increasingly random scanning pattern as in Glass et al. (2011) . Alternatively, sleepy drivers may have an increased reliance on pre-learned scan patterns coupled with impaired processing of what is looked at.
Sleepy individuals find it harder to maintain focus, compared with alert individuals.
Comparing distractibility (i.e. diverting attention to a video playing in the room) during the traditional PVT vigilance task, sleep restriction to 5h resulted in greater distraction, despite clear instruction to direct attention to the PVT (Anderson et al., 2010) . The authors postulated that this susceptibility to distraction may have neuropsychological basis, as the prefrontal cortex is involved in suppression of distractions and is vulnerable to sleep loss (Harrison & Horne, 1998; Nilsson et al., 2005) . Furthermore, for prefrontal cortex controlled tasks, impairment of sleep deprived young adults is known to mirror that of healthy age related decline (Harrison, Horne, & Rothwell, 2000) . As aging is a person factor known to exacerbate change blindness (Rizzo et al., 2009) , including detecting changes in road scenes (Batchelder, Rizzo, Vanderleest, & Vecera, 2003; Caird et al.,2005) , it is possible that sleep deprived young adults may experience impaired change detection following sleep loss in a manner which mirrors healthy aging.
The current study
In the current study we build on our previous work (Beanland et al., 2017) examining change blindness in the context of driving. Previous research has demonstrated, using different paradigms, that:
1. Change blindness is influenced by internal observer related factors and the observers relationship with the presented situation (e.g. observer age, motivation, or prior exposure to the situation); and, 2. Sleep loss impairs performance at both visual search performance and RT to sustained attention tasks, which require similar skills to change detection. Therefore, it is hypothesised that when detecting changes between matched image pairs of driving scenes, a single night of reduced sleep will result in: (A) reduced change detection accuracy (increased change blindness); (B) increased RT to accurately identify changes; and (C) a less strategic (more random) visual scanning strategy, ultimately reducing the probability of fixating on the change target and increasing time to first fixation.
Method

Participants
Twenty-two participants were recruited but two participants dropped out after the first study session. Results are presented for 20 participants (14 female). All participants were aged 20-29 years (M = 22.4, SD = 2.4), provided informed consent and participated voluntarily in three sessions: one introductory session and two experimental sessions (see section 2.6 for session details). Participants were offered AUD$50 compensation for their time, plus an additional allowance to cover travel expenses to attend the sleep restriction session. All participants had normal or corrected-to-normal visual acuity, as measured using a near vision chart, drove at least once a week, and had held a driving licence for at least 18 months.
Participants were pre-screened to ensure they met relevant inclusion criteria for participating in a sleep restriction study. Specifically, participants were required to be regular 7-8 hour/night sleepers who did not: take regular naps, suffer from extreme daytime sleepiness, or have any sleep disorders. Participants were excluded if they smoked, drank alcohol daily, and/or they consumed five or more high-caffeine drinks per day.
Ethical approval was given by the Australian National University Human Research Ethics
Committee (protocol 2014/458).
Design
A repeated-measures design was used. All participants completed one introductory session and two experimental sessions. The introductory session was used to screen participants for suitability and to provide a sleep diary and movement monitor, which were used to record sleep prior to the experimental sessions. One experimental session was completed following a night of normal sleep (NS) and one after sleep restriction (SR) to five hours, which was achieved by instructing participants to delay bed-time by three hours on the night before the SR session. The order of experimental sessions (i.e., NS vs. SR first) was counterbalanced between participants.
Apparatus
Visual stimuli were presented on a 27" Apple iMac desktop computer. An Eyelink 1000 eyetracker, with a reported spatial accuracy within 0.25-0.5°, was used to monitor eye movements at a temporal frequency of 1000 Hz. Head position was fixed using a chinrest with a viewing distance of 95 cm, yielding a display area of 30.3° × 19.4° visual angle.
Stimulus presentation and data acquisition were controlled via SR Research Experiment
Builder.
BodyMedia SenseWear Armbands were used to monitor participants' sleep and waking activity, to verify the sleep requirements were met during the three days preceding each testing session. SenseWear Armbands are wearable physiological monitoring devices that record several parameters; of particular relevance to the current study it records time spent lying down as well as sleep duration and efficiency.
Stimuli
Two matched sets of experimental stimuli (stimulus sets A & B) were used, one for each change detection session. Each stimulus set included 80 image pairs depicting driving scenes: 20 urban image pairs which differed in a single detail (change-present pairs), 20 rural change-present pairs, 20 urban image pairs which were identical (change-absent pairs) and 20 rural change-absent pairs. In change-absent pairs the two images displayed were identical, whereas in change-present pairs the images were originally identical but one of the images was edited to add, remove or alter a single driving-relevant target. Drivingrelevant was defined as the occurrence of a change which would have the potential to influence driver behaviour. For example, the addition/removal of a vehicle as opposed to changing the colour of a vehicle. Urban image photographs were taken in Canberra (civic, inner north, Parliamentary Triangle), Australia, and rural images were taken on rural roads in surrounding regions.
Within both the urban and rural environments, five types of change targets were used. In the urban scenes the change targets were: cars, motorcycles, road signs, traffic lights or pedestrians, with four image pairs for each category. In the rural scenes the change targets were: cars, motorcycles, road signs, trees or animals, again with four image pairs for each category. Changes relating to cars, motorcycles, pedestrians, trees and animals involved the addition/removal of the change target. Changes related to road signs and traffic lights were alterations to the presented information (e.g. changing the traffic light colour from red to green, changing the speed limit posted on a sign by 10km/h).
All images subtended 23.0° × 17.5° and were taken using a digital camera mounted on the dashboard of a station wagon. Images were photographed in areas local to the data collection (i.e., likely to be highly familiar to participants).
Image pairs were presented using a "flicker" sequence (see Figure 1) , in which one image was presented for 500 ms, followed by a 500 ms blank grey screen, followed by the second image for 500ms and then another 500 ms blank. Images and blanks alternated until the participant responded, or for 30 s, whichever occurred first. Participants were instructed to decide as quickly as possible whether a change occurred and then immediately press the space bar to register their decision. Once a participant pressed the space bar or after 30 s (whichever came first) they were then asked whether a change occurred (yes/no response).
Participants were always required to explicitly report whether a change occurred. If they responded yes participants were then asked what the changed object was. Available response options were presented as a list on the screen and included "vehicle", "motorcycle", "bicycle", "person", "animal", "tree", "building", "sign", and "traffic light".
Participants used a mouse to click their chosen option. Using a mouse allowed participants to maintain head position and therefore sustain accurate calibration of the eye tracker. Change-present trials were considered "correct" if the observer correctly identified the changed object, but were considered "incorrect" if they reported no change or reported a change but then failed to select the correct target. Change-absent trials were considered "correct" if the observer reported no change, and were considered "incorrect" if they indicated that a change occurred.
Urban and rural trials were blocked (i.e. images of the same environment were shown in succession), with block order counterbalanced between participants, but trial order was randomised within each block. For both experimental sessions, the experimental task was preceded by 10 practice trials (with unique images presented in each practice block). The practice trials comprised five rural image pairs (three change-present, two change-absent) and five urban image pairs (three change-present, two change-absent).
The study design required repeated exposure to the same task, under both alert and sleepy conditions; however, the images used could not be identical to avoid learning bias.
Therefore, matched stimulus sets were created using the stimuli from Beanland et al. (2017) .
Results for 100 change-present trials were analysed, comparing average RT and accuracy across all participants. Where two trials had the same scene context (i.e., urban or rural), change target, and similar difficulty (i.e., accuracy and RT), the image pair from one trial was assigned to stimulus set A and the other image pair was assigned to stimulus set B. Some image pairs were not assigned to either stimulus set as they were outliers, in that change detection performance was unusually good (high accuracy, low RT) or poor (low accuracy, high RT). This resulted in 40 change-present image pairs for each stimulus set (80 total).
Forty change-absent image pairs (20 urban, 20 rural) were also included in each stimulus set, with change-absent pairs similarly matched on RT and accuracy.
Self-report measures
Participants completed a demographics questionnaire, which included screening criteria and description of their usual driving exposure and behaviour. The Epworth Sleepiness Scale (ESS; Johns, 1991) was used to assess participants for excessive day time sleepiness (ESS>12).
For the three nights prior to each experimental study session participants were required to keep daily sleep diaries of their bed time, estimated sleep onset, night time wakings, and morning awakening and rising times. These self-report measures were considered alongside the objective SenseWear Armband recording of sleep.
Participants reported their subjective sleepiness on the Karolinska Sleepiness Scale (KSS; Åkerstedt & Gillberg, 1990) at the start and end of each experimental session. The KSS measures state subjective sleepiness on a 9-point scale from 1 (extremely alert) to 9 (very sleepy, great effort to keep awake, fighting sleep).
Procedure
Participants attended three 30-minute sessions held on separate occasions at least three days apart. These comprised one introductory session followed by two experimental sessions. All sessions were on weekday afternoons, at either 1400h or 1445h. Participants were tested individually in a quiet laboratory and completed all three sessions at the same time (i.e., a given participant would complete all sessions at 1400h, or all at 1445h). The presentation of stimulus sets was counterbalanced such that half the participants received stimulus set A in the normal sleep session and B in the sleep restriction session, and viceversa.
In the introductory session participants provided written informed consent, completed the background questionnaires, and were given the SenseWear Armband and sleep diaries with instructions on how to use the armband and record their sleep.
In the experimental sessions, participants provided their sleep diary and armband to a research assistant, who checked the data to ensure compliance with the required hours of sleep. Participants were not allowed to proceed with the study if the experimental protocol had not been followed. The participant then completed the KSS to indicate their pre-task subjective sleepiness. Participants were seated in front of the computer with their head position stabilised using a chinrest. The eye-tracker was calibrated for each participant using a 16-point calibration grid and then validated to ensure the average gaze error was <0.50˚, which is within the manufacturer-specified margin of acceptable error. Each trial commenced with a drift check to ensure gaze calibration accuracy was maintained.
Participants then completed the change detection task, which included 10 practice trials followed by 80 experimental trials, with a break halfway. The eye-tracker was recalibrated after the break to ensure accurate gaze tracking was maintained. Finally, after completion of the change detection task, there was a second administration of the KSS.
Data analysis
Statistical analyses were performed using SPSS v23. An alpha level of .05 was used to assess statistical significance.
Due to skewed data the reciprocal og variables were used for statistical analysis of: mean RT, slowest 10% of RT, and variability of RT (1/Standard deviation of RT). Mean and standard deviations of raw results are presented alongside the statistical analysis for reciprocal data. Friedman tests were used for non-parametric data. Binary logistic Generalized Estimating Equations (GEE; Liang & Zeger, 1986) , specifying an exchangeable correlation matrix was used to analyse probability of fixating on target and probability of looked-but-failed-to-see errors (i.e. failing to detect the change, despite fixating the target). Binary logistic GEE in this case is used to assess whether the probability of a binary outcome differs according to the within-subjects variables of sleep condition.
It had been intended to analyse independent variables using RM-ANOVA with two withinsubjects factors: Sleep Condition (2 levels: NS, SR) and environment (2 levels: urban, rural). 
Results
Participants
Participants were frequent drivers (M = 8.0 hours/week, SD = 8.9, range: 1-42), covering a mean of 263 km/week (SD = 258, range: 30-1000). No participants suffered from excessive daytime sleepiness, defined as ESS scores above 12 (M = 4.3, SD = 2.5, range: 0-11).
The order of sleep conditions (NS and SR) was fully counterbalanced; however, due to dropouts, there was some inconsistency in the counterbalancing of image sets used. For the NS session, 7 participants viewed image set A, whereas 13 participants viewed image set B. Table 1 ). Table 2 ). 
Indicators of sleepiness
Change detection RT
RT variables were analysed for correct change-present trials only. Paired t-tests were used
to compare between the NS and SR conditions for urban and rural images separately.
Subsequently, RM-ANOVA analysis was conducted with two within-subjects factors: Sleep condition (NS, SR) and environment (urban, rural).
For the initial analyses considering urban and rural scenes separately, and including all correct trials for a particular driving environment regardless of change target type, there was no significant effect of sleep condition on any of the RT measures, as shown in Table 3 . 
Urban vs Rural comparison
For the analysis directly comparing change detection performance in urban and rural scenes, only change-present trials with changes involving cars, motorcycles and road signs were included (as other targets were not consistent between environments). As shown in Table 4, there was a significant effect of environment on mean RT, with RT to rural images being faster than to urban images. There was also a significant interaction between sleep condition and environment for slowest 10% of RT and RT variability. As shown in Figure 3 , sleep restriction slowed the slowest RTs to urban images, but increased it for rural images.
Consistent with this, sleep restriction increased the variability of RT to urban images, while it decreased variability of RT to rural images. Mean slowest 10% of RT (ms) 7438 (404) 7366 (401) 7807 (389) Variability of RT (ms) 1003 (148) 1350 (274) 1123 (138) Note. Degrees of freedom were (1,19) for all F tests. Statistically significant results are highlighted in bold. 
Eye movements
Eye moments were analysed with respect to fixations on the change target, and fixations in semantic interest areas (e.g., road vs. off-road areas) within the scene. Analyses relating to target fixations necessarily included change-present trials only. Four aspects of target fixation were selected for analysis: probability of fixating target; probability of looked-butfailed-to-see errors (i.e. failing to detect the change, despite fixating it); time to first fixation on the target; and total dwell time on target. As with change detection performance, three sets of analysis were undertaken: urban; rural; and urban/rural comparison. Analyses relating to semantic interest areas included change-absent trials only, as the presence of the target in change-present trials would have influenced natural eye movements.
Probability of fixating target
In order to represent implicit capture of attention, probability of fixation was analysed for all change-present trials regardless of accuracy. Binary logistic GEE compared whether sleep condition affected the probability of fixating the target. 
Probability of looked-but-failed-to-see errors
Within urban scenes, 7.5% of all trials involved looked-but-failed-to-see errors. Binary logistic GEE indicated probability of looked-but-failed-to-see errors was not significantly different between SR (M = 6%, SE = 2%) and NS (M = 8%, SE = 1%) conditions, χ 2 (1) = 0.659, , SE = 1%) scenes. This reflects the fact that many looked-but-failed-to-see errors in the rural scenes involved tree changes, which were not included in this analysis.
Time to first fixation and dwell time
Time to first fixation on the target indicates the relative difficulty to visually locate the target, whereas dwell time indicates the relative difficulty of identifying a target once it has been fixated. Longer dwell times indicate that the participant required more time to cognitively process the target. These analyses included only trials in which the target was correctly identified and fixated. 1
For the initial analyses considering urban and rural scenes separately, and including all correct trials regardless of change target type, there was no statistically significant effect of sleep condition time to first fixation or dwell time, as shown in Table 5 . However, there was a nonsignificant trend whereby dwell time to identify targets was longer after sleep loss. 
Urban vs Rural comparison
To directly compare dwell time and time to first fixation between urban and rural scenes, only trials with changes involving cars, motorcycles or road signs were included. Results are shown in Table 6 . There were no statistically significant effects of sleep or environment, and no interactions, although as with the t-test analyses reported above the main effect of sleep loss on dwell time approached significance. Note. Degrees of freedom were (1,18) for all F tests.
Dwell time on semantic interest areas
Discussion
The aim of the current study was to examine the impact of mild sleep loss on change detection in urban and rural driving scenes. All participants were regular 7-8 hour sleepers who drove frequently. The mild sleep restriction (5 hours sleep) resulted in participants feeling significantly sleepier but did not significantly affect ocular indicators of sleepiness.
The short testing paradigm employed did not induce time-on-task fatigue. Despite feeling sleepier, the results indicated that sleep loss does not significantly increase change blindness, nor does it systematically influence visual scanning patterns. There is some limited evidence that sleep loss may increase change detection RT in more visually complex urban driving scenes but not rural driving scenes. This finding may have implications for sleep-related crashes in urban environments. However, the finding of the urban/rural comparison was not supported by independent analysis of each environment, so should be considered with caution.
Effect of sleep loss on eye movements and change detection accuracy
Participants were equally able to maintain accuracy for detecting changes when alert and sleepy, in both urban and rural scenes. Maintained accuracy could be explained by visual scanning strategies as participants' eye movement patterns, including probability of fixating on the target, were not systematically affected by sleep loss. It was hypothesised that visual scanning strategies would be impaired by sleep loss, reflecting previous studies that have found visual search strategies increase in randomness following sleep loss (De Gennaro et al., 2001; Fransson et al., 2008; Glass et al., 2011) . However, the level of sleep loss experienced by participants in the current study was very minor in comparison with the total sleep deprivation in previous research (De Gennaro et al., 2001; Fransson et al., 2008; Glass et al., 2011) . This suggests that, among frequent drivers, visual scanning strategies are robust under minor sleep restriction. Further research is needed to confirm this finding under more extreme sleep loss.
Two reported outcomes of sleepiness are that drivers "tunnel" their vision spending a greater amount of gaze time looking at the centre of the road (Fors, Ahlström, & Anund, 2013) , and that pupil size can be used to predict sleep related performance impairment (McClelland, Pilcher, & Moore, 2010) . If visual tunnelling were to occur it would be expected that a greater proportion of gaze time would occur within a smaller location. However, in the current study fixations at the 50th, 70th and 90th percentile were similar regardless of sleep condition, suggesting that visual tunnelling did not occur. Similarly, there was no significant difference in pupil size between sleep conditions. Together these findings indicate that the magnitude of sleepiness participants experienced was not sufficient to induce ocular indicators of sleepiness. It is possible that the maintenance of oculomotor control facilitated the maintained visual search approach, which helped maintain accurate change detection performance. Change detection impairment may have occurred if sleepiness were great enough to have induced ocular indicators of sleepiness.
Effects of sleep loss on change detection response time
In general, change detection RTs were not slowed by sleep loss. The two exceptions were interactions between sleep condition and environment for the slowest 10% RTs and RT variability. When sleepy the slowest 10% RTs became slower for change-present urban images but became faster for rural images. Opposing effects were also found for RT variability, with variability increasing for urban images but decreasing for rural following sleep loss. However, it should be noted that the effects of sleep loss on RT emerged in the urban/rural comparison, which only analysed changes involving cars, motorcycles and signs, whereas in the separate analyses including all target types (i.e., pedestrians and traffic lights in urban scenes; animals and trees in rural scenes) there was no effect of sleep loss on RT. It is possible that the significant finding may be an artefact of external stimuli factors. More research is needed to confirm whether this is a robust finding and to understand why sleep loss might enhance the detection of changes in rural environments but impair it in urban environments. One potential influencing factor is the amount of visual complexity within an image. Urban images contain a greater number of elements to be inspected in order to identify a change. For alert participants change detection RT is quicker with rural images compared to rural images (Beanland et al., 2017) . It is possible that the added visual complexity interacts with sleep loss to further impair performance when attempting to detect changes in urban images. Further research is needed to fully understand the impact of visual complexity on change blindness.
If the impact of sleep loss on urban change detection RT was robust this could mean that slowed change detection contributes towards sleep-related crashes in urban (but perhaps not rural) environments. While there are many similarities between sleep-related crashes on urban and rural roads, one difference is that drivers in urban sleep-related crashes are more likely to be carrying passengers than those on rural roads . The presence of passengers and a possible susceptibility to slowed change detection could combine to contribute towards crashes. Sleep loss increases drivers' propensity to be distracted (Anderson & Horne, 2013 ) and change blindness is more common when engaging in a secondary task such as talking (McCarley et al., 2004) . The current study was conducted under quiet controlled conditions; it is possible that the interaction between sleep loss and driving environment may have been greater had an additional distractor been present.
It is well established that sleep loss impairs RT to the PVT, a sustained vigilance task, e.g. (Anderson et al., 2010; Van Dongen et al., 2003) . However, the current study demonstrated that sleep loss does not have a similar effect on change detection accuracy or mean RT to identify changes. This disparity may result from fundamental differences in the nature of the tasks. Specifically, the PVT is a very simple response task, in which participants react to intermittent stimuli. Change detection tasks are much more complex, involving not only visual attention but also working memory. The PVT stimuli are displayed at random intervals requiring sustained vigilance at all times, conversely change-blindness paradigms alternate between images and a blank screen. Different images are used for each change detection trial. It may be that the flickering between images is stimulating enough to maintain attentional focus despite feeling sleepy. Furthermore, the alternating images may cue participants to focus their attention, and allow them to briefly "zone out" during the known periods of no stimuli (blanks). This on/off attentional focus may have negated the eyes open lapses which can be observed using the PVT (Anderson et al., 2010) .
Future directions
The biggest strength of the current study is the controlled experimental approach. However, the extent to which these lab based findings generalise to real-world driving is unclear. In the current study participants were instructed to look for changes in each image pair. In reality drivers are not cued to the potential presence of a change at a specifiv time, but rather must continually engage in searching for changes. Given that physically driving requires detection of dynamic changes while under the added task load of maintaining vehicle control. Previous research has demonstrated change blindness to be greater with dynamic compared to static stimuli (Velichkovsky et al., 2002) . This suggests that change blindness may be more likely to occur when driving compared with observing static images.
Therefore, the impact of sleep loss should be further investigated in a dynamic environment, including some change detection tests where participants are not explicitly cued to look for changes.
Another strength of the current study is that it was designed to replicate the magnitude of sleepiness which might be experienced in everyday driving. For this reason total sleep deprivation protocol was avoided. Although the results of this study may be considered to have greater real world validity than if a total sleep deprivation protocol had been used, it is possible that a greater degree of sleepiness may have influenced change blindness.
It should be noted that participants in the current study drove frequently and had held a driving licence for at least 18 months. Previous research has demonstrated that experienced drivers are better able to adapt their visual scanning patterns to meet situational demands (e.g. Falkmer & Gregersen, 2005; Underwood, 2007) . It is probable that if participants were novice drivers they may not have utilised the same visual scanning patterns. Younger drivers are known to exhibit greater driving impairment in response to sleep loss than older drivers (Filtness et al., 2012) , therefore it is possible that the visual scanning patterns (and subsequently change detection performance) of younger novice drivers may be influenced by sleep loss. However, the impact of experience is also influenced by instructions given to participants (e.g. in observing the image consider if it is safe to cross the intersection)
Previous research has demonstrated that when given driving manoeuvre based instructions, experienced drivers have a selective search strategy to viewing driving scenes. Changes to objects that would not be impacted by the considered manoeuvre are therefore more likely to be noticed by novice drivers (Koustanaï et al., 2012) . It is important for future research to consider novice drivers because young drivers are consistently over represented in sleeprelated crashes Horne & Reyner, 1995; Philip et al., 2014) . Differences between experienced and novice drivers are often observed in scientific research, therefore it is suggested that future research focus on these two groups. However, it is also possible that varying driving exposure within experienced drivers may influence results. In the current study weekly driving exposure ranged from 1-42 hours. Future research may wish to consider the impact of driving regularity on change blindness.
Conclusion
Overall, it appears that the impact of sleep loss on change detection is at most small and subtle, with most analyses not indicating any statistically significant differences. The type of visual scene had greater influences on ability to detect changes with participants being better at detecting changes in rural scenes compared with urban scenes. However, as with any "null finding", the lack of significance should be interpreted with caution. Specifically, the lack of a statistically significant difference does not mean that two conditions are the same.
Nonetheless, both driver sleepiness (Åkerstedt, 2000) and driver attention failures (including failure to detect changes Beanland et al., 2013) 
